The daily life of people with severe motor system impairments is challenging and thus often subordinated to extensive external help; increasing their level of self-support is thus highly desirable. Recent advances in wireless communications, in particular in wireless personal-area networks, serve as technological enablers well suited for implementing smart and convenient assistive environments which can increase self-support.
Design

Design considerations
The purpose of the proposed interface is to provide the necessary features for i) enabling the connection of various access pathway (input) types, such as e.g. a touch screen or a tongue control unit, with multiple WPAN-enabled appliances in the user's environment and ii) enabling the user to interact with those appliances. To implement the above, the following design aspects have been considered:
• The interface must be versatile enough to accommodate a significant set of appliances; as the number of wireless standards and home automation products is expanding, the interface must be flexible and upgradable.
• Using appliances through the interface must be as easy as it would with their native interfaces.
In particular, the user should not feel the need for having someone to help him or her when interacting with the appliances. Similarly, the interface must provide an "easy first-time installation" procedure.
• The interface must provide the user with the possibility to switch easily and quickly between the appliances, without disrupting their operation. Support for some form of multitasking is thus needed. This is the authors' version of the paper which appears in Wireless Personal Communications DOI: 10.1007/s11277-012-0582-x
• Moreover, the interface must be aware of its environment (i.e. able to detect available appliances) and inform the user about it (i.e. maintain a list of available appliances and their respective services and present them visually to the user).
• Finally, as the interface is expected to be on mounted on e.g. wheelchairs, the size and power factors are critical and should be kept as low as possible.
Regarding the networking aspect, this work combines various standard protocol stack layers; this makes that interoperability with multiple protocols stacks only requires that WPAN enablers, such as Bluetooth or Zigbee, are already available or installed on the appliance. Protocols using Service
Oriented Architectures (SOA) are used here since they enable service discovery and service access.
Examples of possible combinations of standard protocols providing both a physical layer and an application layer, as targeted in this work, are listed in Table 1 . Although many SOA-based protocols implementing an application layer would be suitable for this work, the DLNA (Digital Living Network Alliance) specification is currently the only one broadly implemented in consumer appliances. Besides supporting UPnP, DLNA also enables the targeted users of the proposed interface to enjoy various audio and video media. The six combinations shown in Table 1 are the ones that have been considered. However, as the proposed interface is modular, this list can easily be extended.
To make it versatile and expendable with future standards, the framework has been designed following a modular approach. Its constituting elements fall into three main categories: devices, protocols, and functionalities. Each of these categories includes classes, plug-ins and extensions, as described in the following sections. This is the authors' version of the paper which appears in Wireless Personal Communications DOI: 10.1007/s11277-012-0582-x 
Listing controllable appliances
Remote appliances are represented by means of the 'Device' class; each device has a name, a location, a unique ID, an icon, as well as a type (light, computer…); thus remote appliances are represented by means of objects derived from both the 'Device' and 'Type' classes.
Listing accessible functionalities
'Service' is the most generic class that can define a functionality, depending on the protocol it belongs to and its family. All devices are aggregated, through the 'Element' class, in the '
ConcurrentList' class that is used to add, access, or remove a device. Objects derived from the 'Service' class represent supported functionalities. Each 'Device' contains a list of the 'Services' (i.e. functionalities) it offers. Functionalities are referred to as 'services'. Each functionality is therefore represented by an object derived from the 'Service' class. A summary of the connections between these classes is shown in Figure 2 . In the current AT scenario, it is expected that several types of access pathways (input) devices could be used for navigating through the GUI, for example a touch screen or the tongue-control system described in [1] . In order to avoid user's fatigue, the GUI has been designed so that the number of required movements and clicks is minimized. Figure 5 illustrates how it is possible to select the appliance to be controlled (e.g. a light), to configure and activate it, and to access its features (e.g. turn on/off) by means of the left, right, up, down, click, and the escape commands.
The GUI is integrated with the framework as shown in Figure 6 . When the user switches to a device, a service or a configuration panel, the displayed object (e.g. device, service or configuration) is associated to the corresponding class. This class then reads the required information and displays them on the screen. This is the authors' version of the paper which appears in Wireless Personal Communications DOI: 10.1007/s11277-012-0582-x larger threshold value, the system switches to 'Sleep' where the memory is set to self-refresh and the wireless chips in stand-alone modes. Any activity while in the 'Conservative' or 'Sleep' modes makes the system to switch back to 'Run'. Finally, all the components are turned off when the system enters 'Shut down'. A flag is used so that when a service needs the CPU computational power, the system does not switch to the 'Conservative' (and thus 'Sleep') modes. Similarly (not shown in Figure 7 ), the backlight is dimmed or turned off when inactivity thresholds are reached.
A flag is used so that when a service needs to display visual feedback, the system does not switch to the dimmed and off modes.
This is the authors' version of the paper which appears in Wireless Personal Communications DOI: 10.1007/s11277-012-0582-x Figure 7 The core of the power management system consists of four modes. As user inactivity reaches thresholds, the system is switched to the Conservative and Sleep modes; user activity makes the system return to the Run mode
Regarding the wireless modules, several strategies are used. These include limiting discoverability and connectivity, performing radio collision avoidance, communicating in low power modes whenever possible, switching to stand-by modes based on usage probabilities, and modulating the period and type of discovery according to the probability of finding devices around the user.
Prototyping
Prototyping Platform
The demonstrator has been prototyped on a platform composed of the following elements. The core of the platform is Atmel's AT91SAM9263-EK Evaluation Kit [24] featuring among others, an AT91SAM9263 micro-controller and a 3. consists of the three lights used in the previous experiment. In the first experiment, the user alternatively takes control of the two computers through the proposed interface as follows: connect to the first computer and use it, switch to the icon of the second one on the GUI, connect to the second one and use it, switch back to the first one, and so on and so forth. The experiment shows that the user can easily switch between the two Bluetooth-enabled computers and that there is no visible delay related to the switching operation; this is consistent with the discussion in Section 4.6.
Similarly, in the second experiment the user alternatively takes control of the three Zigbee lights.
Again, the user can easily switch between the appliances and there is no visible delay related to the switching operation; this is also consistent with the discussion in Section 4.6.
Controlling several appliances using different protocols
With this experiment, we seek to verify that the interface can detect, connect to and control several appliances using different protocols simultaneously, without affecting their respective states. Moreover, the experiment illustrates how the interface abstracts, for the user, the various appliances and their services, irrespectively of their protocols. In this experiment, we use the two Bluetooth-enabled computers and the three Zigbee lights. The user alternatively takes control of the computers and of the lights by connecting to and using one of the computers, switching to one of the lights and turning it on and off, switching to the other computer, and so on and so forth. The experiment shows that the user can easily switch between all the appliances, and that there is no visible delay related to the switching operation; this is consistent with the discussion in Section 4.6.
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Dynamic Adaptation to the user's environment
Finally, the last set of experiments consists in verifying that the interface can dynamically adapt itself to the user's environment, i.e. update the list of appliances and services when e.g. the user moves from one location to another one, or when an appliance is removed by a third party from his/her vicinity. The experiments consist in turning the appliances on and off, as well as modifying the distance between the interface and the appliances without modifying their current states (e.g.
on/off, service configurations). These are repeated at non-steady intervals: short (ca. 10 seconds), moderate (3 minutes) and long (10 minutes) ones. The experiments show that whenever one of the five appliances is turned on and is within reach, it is successfully detected by the interface and that a notification informs the user about availability of the appliance and of its services. Similarly, whenever one of the five appliances is turned off or becomes out of reach, it and its services are successfully removed from the list. Moreover, the user is informed by means of a non-blocking notification message. On the contrary, whenever an appliance is removed while it is being used by the user, a blocking message informs the user about the unavailability of the corresponding service(s).
Power measurements
In order to evaluate the impact of the PMS we have measured the power on the main board in different modes. At boot-time, the power reaches 2400mW. Once the system has booted, and with the backlight turned on and maximum CPU frequency, the power is stable at 2244 mW. Turning off the backlight or scaling to the minimum frequency brings the power down to 1656mW and 1620mW, respectively. Finally, combining the two above techniques brings the power down to 1080mW, i.e. 2.22 less than in the full mode. Note that these measures include components (e.g. audio) that are not used for the interface; hence a custom-made board would require less power.
Discussion and Outlook
The experiments show that the proposed interface effectively enables its user to remotely and easily control several types of appliances available in his/her environment through different types of WPANs. The interface enables the user to easily switch between appliances and their respective services, without interfering with each other. Moreover, the interface is context-aware, i.e. it successfully adapts itself to the user's environment by detecting remote appliances that enter or leave the interface coverage range and informs the user about those changes by means of the graphical user interface. The prototype, constructed as an embedded system, is relatively inexpensive, small, and power efficient. Suggestions for future work are listed in what follows.
Firstly, other plug-ins (e.g. Wi-Fi, 6LowPan) could be added and experiments carried out to evaluate how the interface handles more than two protocols simultaneously. Secondly, experiments should be conducted with more appliances from multiple vendors to verify the robustness and compatibility of the proposed interface. Thirdly, although usability has been considered during the design of the interface, in-field clinical experiments with the targeted user group, using the mouth control unit as the access pathway, should be conducted. Finally, converting and merging the development kits into a custom board would result in a further optimized system in terms of size, power, and price.
